A set of protein-stabilised emulsions at pH 7.0, pH 6.0, and pH 5.0, and their counterpart surfactant emulsions, was designed with near-identical droplet size distribution and phase volume to study the specific contribution of hydrodynamic and pair potential interactions to the interfacial mechanisms of these emulsions systems. In this way, further the interfacial layer of these creaming emulsions to enhance perceived fat content could be manipulated. Creaming behaviour, surface shear, and bulk rheological measurements were performed. This work reflects the great importance of local pair potential in the formation of a highly viscoelastic interfacial film, which could be manipulated changing the surface charge of the protein to develop a well-packed cream layer in the protein-stabilised emulsions.
Introduction
Obesity and diet-related disease is an increasing problem in the developed world. A significant proportion of dietary fat intake is in the form of food emulsions (sauces, dressing, creams, dairy and baked products). The sensory perception of fat in food is a complex function of physical, chemical, and even psychological parameters. [1] By gaining a more complete understanding of how the physical properties of interfaces can control the structure and sensory properties of emulsions, we can develop strategies for reducing fat content with minimal impact on sensory acceptability.
Proteins and surfactants stabilise interfaces in very different ways. Proteins are complex macromolecules with different levels of structure that form an immobile viscoelastic adsorbed layer on the surfaces of oil droplets, which mechanically prevent coalescence. In contrast, surfactants tend to form more fluid adsorbed layers, which stabilise the interface at short range through a hydrodynamic mechanism known as the GibbsMarangoni mechanism, which relies on the mobility of the adsorbed molecules to maintain interfacial equilibrium. [2] Moore et al. [3] observed that changes in interfacial composition influenced the sensory perception of creaminess and also the emulsion rheological behaviour elaborated with two proteins: sodium caseinate and whey protein. However, the mechanism(s) underlying this phenomenon were not very clear but could be related to the different mechanisms that stabilise interfaces between proteins and surfactants. [4] Therefore, a fundamental understanding of them would allow strategies to be developed to improve the texture and behaviour of food colloids maintaining their sensory properties whilst reducing the fat content.
Using this strategy, Mackie et al. [4] created two emulsion systems as identical as possible in size and longrange interactions but with very different interfacial compositions. One emulsion was stabilised by a protein (whey protein isolate (WPI)), possessing a rigid, viscoelastic interface, and the other one was stabilised by a surfactant possessing a fluid interface. Significant differences in the bulk rheology and creaming behaviour were observed, mainly due to two contributing factors: the hydrodynamic interactions, which might explain the differences observed in the interfacial rheology, and the close-range interactions between the layers of proteins, which might explain the degree of adhesion observed in this system. The protein-stabilised emulsions appeared to slow or arrest the packing within the cream, leading to the formation of a lower density network because of their immobile, viscoelastic interfaces. However, the surfactant system showed a quicker rearrangement and a well-packed cream layer because of its mobile, fluid interfaces, which have little effect on the velocity of the solvent close to the interfaces. However, it was not possible to quantify the specific contribution of these short-range interactions (hydrodynamic and pair potential interactions) to the emulsion rheology and structure. In order to determine the contribution of these parameters (the nature of the interface, the long-and close-range interactions) to the rheological behaviour of creaming emulsions, a set of emulsion systems based on the original work of Mackie et al. was designed. [4] For this purpose, first a set of protein-stabilised emulsions at different pH values (identical interfacial composition and near-similar droplet size distribution but with different long-range interactions) was designed to study how the local distribution charge on droplets is influenced by changing the net charge. After that, these protein interfaces were disrupted and displaced by various types of low molecular weight (LMW) surfactants (sodium dodecyl sulphate (SDS), Brij 35, and a mixture of Brij 35/SDS) to modify the composition of the interfaces. The creaming behaviour and bulk and interfacial rheology of these model systems were examined in order to understand the generic interfacial mechanisms controlling the physical structure and breakdown of these emulsion systems.
Materials and methods

Materials
n-tetradecane, SDS, and Brij 35 were purchased from the Sigma Chemical Company (St Louis, MO, USA). WPI (86% β lactoglobulin) was purchased from Bipro (Davisco Foods International Inc., MN).
Emulsion systems' preparation
Five protein-stabilised emulsions were made up from a stock oil-in-water emulsion with a dispersed phase content of 30% (w/w) of n-tetradecane as the dispersed phase and 0.455% (w/v) of WPI (86% β-lactoglobulin) (Bipro, Davisco Foods International Inc., MN) in a 10 mM citrate buffer at pH 6.0 as the continuous phase. This single parent emulsion was homogenised with a homogeniser (Vortmix, Hampton, UK), using three shearing cycles of 30 s with periods of rest of 30 s in between. The particle size distribution of this protein stabilised emulsion was measured (Table 1) . Afterwards, this stock emulsion was diluted with concentrated buffers at different pH values, above and below the isoelectric point (IEP) (4.5) of WPI (0.1 M phosphate buffer for pH 7.0 and 0.1 M citrate buffer for pH 5.0, pH 4.0, and pH 3.0) to give the final emulsions at 20% (w/w) n-tetradecane and 0.3% WPI (w/v). Subsequently, three surfactant-stabilised emulsions were also made up from the stock oil-inwater emulsion defined above as shown in Fig. S1 . For each surfactant emulsion, 66 g of this stock emulsion was diluted with 24 g 0.1 M sodium citrate buffer (pH 6.0) and then 9 g of a "surfactant solution" was added, stirring the resulting solution for 20 min. From previous measurements, we know that this surfactant concentration was sufficient to displace the protein from the oil droplet surface. The data in Table 1 show that the reduction in interfacial tension induced by the surfactant was 10 mN/m. This difference has been shown in the past to be sufficient to induce displacement of protein from an interface by surfactant. [5] The final continuous phase buffer concentration was 10 mM. The surfactant solution was specific for each final emulsion in order to imitate the net charge of the protein-stabilised emulsions ( Table 1) . The LMW surfactants used were SDS (Sigma-Aldrich, Poole, UK), which is an ionic surfactant, polyoxyethylene 23 lauryl ether (Brij 35), which is a non-ionic surfactant, as well as a mixture of both (Brij 35/SDS) at a 2:3 ratio. Therefore, the concentrations of the final surfactant-stabilised emulsions were: 20% n-tetradecane and 0.3% WPI, as well as 0.32% surfactant (SDS), 0.81% surfactant (Brij 35) or 0.25% surfactant (Brij 35/SDS). Droplet size measurements at the end of the experiments showed no change from the initial values.
Emulsion systems' characterisation
The droplet size distribution of the emulsions was measured using a Coulter LS 230 laser diffraction particle size analyser (Beckman Coulter Inc., CA) to ensure that all the emulsion systems prepared had a uniform average droplet diameter (D 3,2 ) (Table 1) , and the data were analysed using an optical model for a fluid with real parts of the complex refractive index set to 1.332 and 1.391 for the continuous and dispersed phases, respectively. The ξ potential of the emulsions was measured using a Zetasizer Nano model ZEN3600 (Malvern Instruments, UK) and calibrated using the -50 mV standards supplied by Malvern. All samples were measured having been diluted using the relevant continuous phase (separated by centrifugation). The interfacial tension between the aqueous phase of the emulsion and n-tetradecane was measured using the pendant drop technique. [6] Creaming The creaming behaviour was examined by visually measuring the height of a layer formed in a 75-mm-high measuring cylinder filled with emulsion, and also by the technique of ultrasound velocity scanning. These measurements were made using an Acoustican system (Leeds University, UK). [7] Readings were taken every 2 mm over the entire height of the emulsion to give a profile of the dispersed phase volume throughout the emulsion. Measurements continued until the majority of the oil was in the cream layer and the distribution was approaching equilibrium. All measurements were made at 20°C.
Rheological measurements
Surface shear and bulk rheological measurements utilised a TA Instruments AR2000 controlled stress rheometer (TA Instruments Ltd., Crawley, UK) in controlled strain mode. In situ rheological measurements during creaming used a modified cup and bob arrangement (depth of cup 150 mm, height of inner cylinder 40 mm). With this arrangement, we are able to monitor the bulk rheology of a sample at a range of heights within a creaming emulsion. The cylinder was placed near the top of the cup to monitor the development of the creamed phase or towards the bottom of the cup to monitor the serum phase. A measuring frequency of 1 Hz and a strain of 1% were chosen as the measuring conditions, and the samples were monitored over the same time scale as the ultrasonic creaming measurements. Rheological measurements of the separated cream were carried out using a parallel plate configuration in either steady or dynamic mode as required. Surface rheological measurements of the continuous phase at the oil-in-water interface were carried out with a polished aluminium bicone (6°, 60 mm diameter) placed at the interface, over a 1 h time period, again using a strain of 1% and at a frequency of 0.5 Hz. Dilatational rheological measurements were conducted using the oscillating pendant drop method [8] at room temperature and 0.1 Hz with a deformation of less than 4%.
Results and discussion
Emulsion systems' characterisation As described above, a set of emulsions was designed from a single parent protein emulsion being near identical in terms of droplet size distribution, phase volume, and surface charge (Table 1) , but differing in their surface composition, such that some were stabilised by a viscoelastic protein film and others by a fluid surfactant interface to study the specific contribution of the short-range interactions (hydrodynamic and pair potential interactions) to the rheological behaviour of these emulsions systems.
Initially, the WPI emulsion systems at pH 7.0, pH 6.0, and pH 5.0 showed a monomodal distribution with a large and narrow peak (data not shown). As can be seen in Table 1 , these protein-stabilised emulsions at pH 7.0, pH 6.0, and pH 5.0 showed a near-identical D 3,2 parameter (around 4.2 μm) but with different net charges (ξ potential values). The interface of the parent protein emulsion at pH 6.0 was disrupted and replaced by surfactants (SDS, Brij 35, and a mixture of both SDS/Brij 35) to match the "ζ" potential of the corresponding protein-stabilised emulsions (at pH 7.0, pH 6.0, and pH 5.0, respectively). These surfactant systems showed a near-identical droplet size distribution (around 4.5 μm) and a net charge (ξ potential) very similar to their corresponding protein systems (Table 1) . However, protein emulsions at pH 4.0 and pH 3.0 showed a broad droplet size distribution (data not shown) with a larger D 3,2 parameter (7-8 μm), which could be indicating the presence of large flocs because of aggregation of droplets.
Creaming Figure 1 shows the creaming profiles of the emulsion systems stabilised by WPI at pH 7.0 (Fig. 1a) , pH 6.0 (Fig. 1c) , and pH 5.0 (Fig. 1e) , together with their respective emulsion counterparts stabilised by surfactants: SDS (Fig. 1b) , Brij 35/SDS (Fig. 1d) , and Brij 35 (Fig. 1f) . The emulsions shown in Figs. 1a  and 1b, Figs. 1c and 1d , and Figs. 1e and 1f have the same net charge. The results are shown in terms of the dispersed phase volume as a function of height for a series of time intervals over a period of 48 h.
In all these systems, the development of a cream layer (high dispersed phase volume) could be observed at the top of the tube, which gradually increased in depth with time as the droplets migrated upwards, leaving a clear serum layer at the base of the tube. The lack of a sharp boundary at the base of the creaming emulsion indicates a broad size distribution and a lack of flocculation. Because the size distributions of both emulsions were identical, the oil droplets floated upwards at identical rates in both emulsions. These observations were in agreement with those reported by Mackie et al. [4] The differences among the diverse emulsion systems were found in a pseudoplateau region in the cream layer itself. Thus, the pseudoplateau was more evident in WPI systems (Figs. 1a,  1c , and 1e) than in surfactant ones (Figs. 1b, 1d, and 1f) , and was even more marked as the pH decreased. This pseudoplateau might be due to droplet interactions, delaying, or possibly arresting, the rearrangement into a packed cream layer, as suggested previously. [4] Unlike these WPI systems, in the surfactant-stabilised emulsions the creaming profiles were all very similar, reflecting that these systems were denser, with a similar well-packed cream layer, than their respective protein-stabilised emulsion counterparts at the same local charge. Moreover, in these latter systems the pseudoplateau disappeared much earlier than in the corresponding WPI emulsions, in which it disappeared almost at the end of creaming in the case of WPI at pH 7.0 and pH 6.0 (Figs. 1a and 1c, respectively) , and it even continued to develop at the end of creaming in the case of pH 5.0 (Fig. 1e) . In the protein-stabilised systems, the maximum phase volume at the top of the cream was reached very early, in around 5 h. Therefore, the different local charge distribution does not seem to influence the hydrodynamic interactions present at the interfaces. Thus, the surfactantstabilised systems showed a fraction with faster and better packing than the protein-stabilised systems, as has also been reported in emulsions stabilised by protein and LMW surfactants. [4] One reason to explain the presence of the pseudoplateau in the surfactant-stabilised systems could be that there might still be small amounts of protein at the interface. Another reason could be that other types of interactions at local level could be formed besides the ones between the surfactant headgroup and water molecules in the aqueous phase. [2] A second difference to note is that there were no significant differences among the creaming profiles of the surfactant-stabilised systems, all of which showed a similar velocity of the solvent close to the interface. This is because a fluid interface has little effect on the solvent velocity close to the interface, unlike a highly viscoelastic interfacial layer. [4] Therefore, the hydrodynamic interactions between the molecules of the surfactant at the interface and the solvent do not seem to be influenced by the net local surface charge. Figure 2 shows the dispersed phase volume contour plots of height against time for all the emulsions. The contours represent lines of equal oil phase volume starting at 2% (lowest y values) and increasing in 2% intervals up to around 60% depending on the final phase volume at the top of the cream layer. As can be observed, there was no aggregation among the droplets in the subcream region either in the WPI systems at (Figs. 2a, 2c , and 2e, respectively) or in the surfactant-stabilised systems (Figs. 2b,  2d , and 2f), which is reflected by the linearity of the contour lines below the cream layer. Therefore, the droplets rise to the cream layer with fixed velocities. In contrast, the contours within the protein emulsions at low pH (3.0 and 4.0) again showed coalescence as could be expected (data not shown). As can be seen in Fig. 2 , the pseudoplateau at the base of the cream layer in the WPI system at pH 5.0 (Fig. 2e ) was more noticeable (it has the maximum depth) than in the emulsions at pH 7.0 and pH 6.0 (Figs. 2a and 2c,  respectively) . However, in the three surfactant-stabilised systems this pseudoplateau at the base of the cream layer was almost negligible (Figs. 2b, 2d, and 2f) , indicating a rearrangement into a well-packed, concentrated cream layer. Therefore, in the development of the cream layer in the protein-stabilised systems the adhesive (sticky) interactions at close range are more important than the hydrodynamic interactions, and they are dependent on the conformational state of the protein, which at the same time depends on its net charge.
These close-range "adhesive" interactions were responsible of the delaying, or possibly arresting, the rearrangement into a packed cream layer being more remarkable at pH values near IEP (4.5) because the electrostatic interactions among the protein-covered droplets are negligible. [9, 10] Thus, the sample at pH 5 showed a less dense cream layer than the samples at pH 7 and pH 6, probably because the formation of a higher number of "sticky" interactions ( Fig. 1) prevented rearrangement into a well-packed, concentrated layer. In the case of pH values that are higher from the IEP, the formation of these intermolecular bonds is not possible, because the electrostatic repulsion between the droplets prevents the close approach of the adsorbed layers. [10] 
Rheological measurements
The interactions between emulsion droplets in the dense creamed layer were studied by using rheological measurements of these layers. Figure 3 shows the bulk storage (G′) and loss (G″) moduli of the cream layers as they developed for the emulsion systems at different surface charge, that is, for the proteinstabilised emulsions at pH 7.0 (Fig. 3a) , pH 6.0 (Fig. 3b) , and pH 5.0 (Fig. 3c) and their counterpart surfactant-stabilised emulsions (SDS, SDS/Brij35, and Brij35, respectively). These measurements were carried out on duplicates of the samples monitored in Figs. 1 and 2 and were made for 48 h at a frequency of 1 Hz and 1% strain. The six emulsion systems showed a cream layer that was almost completely developed at 30 h (Figs. 3a-Figs. 3a3c ) and in all them G′ was greater than G″ during the structure development in the creamed region, and it increased with time, which means that the number and/or strength of interactions increased with time too. This rheological response is the characteristic of solidlike materials. Nevertheless, the protein-stabilised emulsion showed much higher values of the elastic and viscous moduli than their respective surfactant-stabilised emulsion in all cases (Figs. 3a-3c) , in which G′ was more than one order of magnitude greater than G″ which means these protein emulsions were higher elastic systems than surfactants. It should be noted that in samples at pH 5.0 both moduli, G′ and G″ (Fig. 3c) , were considerably greater than in the sample at pH 7.0 and pH 6.0. This means that the emulsions at pH 5.0 were more rigid systems than the emulsion at pH 7.0. The values of the G′ and G″ moduli after the creaming layer had developed for WPI at pH 7.0 and pH 6.0 were similar to those found by Mackie et al. [4] for WPI-stabilised system (around 1000 Pa). In these cases, the protein has the ability to form a viscoelastic adsorbed layer around the droplets, [11] resulting in more elastic systems. In contrast, surfactants form a highly fluid or mobile interface stabilising emulsion through the GibbsMarangoni mechanism. [2] On the other hand, in the surfactant systems the difference between the two moduli (G′ and G″) was smaller, [4] the G′ values being almost identical in all three systems. The G′ values for the different emulsions in Fig. 3 are very similar to those presented in Fig. 4 , which shows the storage modulus (G′) and loss modulus (G″) values as a function of applied strain of the final creamed phase of protein-stabilised emulsions at pH 7.0, pH 6.0, and pH 5.0 (Figs. 4a-4c ) and of their counterpart surfactant-stabilised emulsions (Figs. 4a-4c ). In the case of the WPI systems, the emulsion at pH 5.0 showed the highest G′ value (> 1000 Pa) (Fig. 4c) followed by the WPI emulsions at pH 6.0 (around 1000 Pa) (Fig. 4b) and at pH 7.0 (< 1000 Pa) (Fig. 4a) , in that order. The WPI emulsion at pH 5.0 showed a crossover of G′ and G″ at a lower strain value (around 0.03%) than its correspondent surfactant emulsion, Brij35 (around 0.05%) (Fig. 4c) . However, in the samples at pH 7.0 and pH 6.0 the opposite was true showing the surfactant-stabilised emulsions a crossover of G′ and G″ at a lower strain value (around 0.03%) than the protein systems (around 0.05%). The crossover point defines whether the nature of the sample is more fluid-like or gellike. [12] This could mean that the cream layer at pH 5.0 was stiffer and, at the same time, more brittle than those at pH 7.0 and pH 6.0, and it could easily be broken, allowing drop-drop coalescence as a result of small mechanical disturbances of the emulsion. This result is in accordance with the previous observations of Figs. 1 and 2 , and it is a consequence of slowing or arresting the packing within the cream leading not well-packed cream layer as discussed above. Therefore, the emulsion at pH 5 (near the IEP of WPI) seems to show a rigid, brittle cream layer.
These observations are also consistent with the findings obtained by Tcholakova et al. [10] These authors studied how β-lactoglobulin (BLG) adsorption on the drop surface changed by varying the protein and electrolyte concentrations and the pH of the aqueous phase, finding that the absorbed protein layer formed at pH~5 showed a different structure from those formed from charged protein molecules (further away from the IEP). The layer formed at pH 5 was a fragile and relatively rigid layer which ruptured easily, resulting in minimal emulsion stability. Dimitrova et al. [13] also suggested that in protein-stabilised emulsions at a pH close to the IEP the interfacial adsorption layers are stiffer, so the conformation of the protein is strongly pH-dependent. Because the WPI studied here contains 86% of BLG, it would be logical for it to show a similar behaviour. We could check this by measuring the rheological properties of the emulsion systems. It is clear that the protein adsorption process involves a partial unfolding and subsequently a conformational rearrangement of the protein, [14, 15] allowing the formation of close-range interactions among neighbouring molecules. [16] The pH seems to influence the conformational structure of the adsorbed protein at the interface. In our experiment (Fig. 4a) , the protein-stabilised emulsions at a pH close to the IEP (~5) also show more rigid and brittle behaviour in which the adsorbed molecules are in a different conformational state that facilitates the formation of sticky interactions at close range or other types of interactions, such as hydrogen bonds between the same or different layers. In contrast, at pH values further away from the IEP the conformational state of WPI allows the formation of repulsive electrostatic interactions which stabilise the cream network. Thus, the interfaces of the proteinstabilised systems at pH 6 and pH 7 seem to be more resistant and stable than those at pH 5.
The next step was to look for the mechanism underlying these differences in the interfaces. In turn, Fig. 5 and Table 1 show the interfacial shear and dilatation storage moduli, respectively, for the protein and surfactant serum phases at the n-tetradecane/solution interface. The higher values of both interfacial shear and dilatation storage moduli in protein systems with respect to surfactants indicate their different interfaces mechanisms corroborating the observations found from the creaming and bulk rheology. Likewise, the lower value of interfacial shear storage modulus for serum phase at pH 5.0 than at pH 7.0 and pH 6.0 also reflects the differences found in their interfaces. The difference in the interfacial tension between the protein and surfactant systems will also have had an influence on the droplet deformability. [4] On the other hand, the interfacial shear storage modulus values for the surfactant-stabilised emulsions were too small (negative values), and it was not even possible to obtain a value for the Brij 35 system.
Conclusion
The differences found in the creaming and rheological behaviour of protein-and surfactant-stabilised emulsions are mainly due to the different close-range interactions between the droplets at the interface. These close-range interactions were influenced by the local distribution charge in the case of proteinstabilised emulsions. The pH affects the conformational structure of the WPI at the interface, and consequently the number of local "sticky" intermolecular interactions, resulting in more open or closed cream structures. As a result, it seems that at a pH near the IEP of the protein (pH 5.0) a higher number of "sticky" intermolecular interactions can be formed, resulting in a stiffer, more brittle interface than at pH values further away from the IEP (pH 7.0 and pH 6.0), which produce less elastic and less stable interfaces and, at the same time, more open structures. Therefore, it seems that these intermolecular interactions have a direct effect on the viscoelastic nature of the interfacial film. In contrast, surfactant-stabilised emulsions showed a well-packed, concentrated cream layer and did not seem to be affective by the local surface charge distribution. Therefore, it would be possible to "manipulate" the development of the cream layer formed in protein-stabilised emulsions changing the surface charge of the protein. More studies are necessary, such as confocal microscopy, for further study of the structure of these emulsions.
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